The current-generation RTGs (both GPHS and MOD) 
INTRODUCTION I n December 1988 t h e Department o f Energy's O f f i c e o f Special Applications (DDEIDSA) asked F a i r c h i l d Space Company t o i n v e s t i g a t e RTG (Radioisotope Thermoelectric Generator) design options f o r powering a Martian Rover v e h i c l e . That v e h i c l e i s a c r i t i c a l p a r t o f the Mars Rover and Sample Return (MRSR) mission, which i s under p r e l i m i n a r y study by NASA's J e t Propulsion Laboratory (JPL) w i t h t h e support o f t h e Johnson Space Center (JSC).
JPL i s responsible f o r t h e o v e r a l l MRSR study and, among other items, f o r the design o f the Rover v e h i c l e .
The MRSR mission a l s o r e q u i r e s a lower-power RTG f o r i t s s t a t i o n a r y lander. However, work on t h i s was deferred i n our study, because t h e basic s o l u t i o n s worked o u t f o r the more d i f f i c u l t Rover a p p l i c a t i o n w i l l a l s o be a p p l i c a b l e t o t h e l e s s demanding s t a t i o n a r y lander a p p l i c a t i o n .
The purpose o f t h e DOE-sponsored F a i r c h i l d study i s t o support JPL and JSC by p r o v i d i n g t h e mission planners with i n f o r m a t i o n about the RTG masses and s i z e s f o r various options o f d i f f e r i n g technology readiness.
I t s aim i s t o q u a n t i f y t h e performance improvements achievable i f new technologies are successfully developed, t o provide our best estimates o f t h e required time, e f f o r t , success p r o b a b i l i t y , and programmatic r i s k i n developing those new technologies, and thus t o help i d e n t i f y t h e best s t r a t e g y f o r meeting t h e MRSR system goals. I n a d d i t i o n , t h e F a i r c h i l d study i s u s e f u l i n s p e c i f y i n g c r i t i c a l design and operational requirements f o r i n t e g r a t i n g the RTG w i t h the Rover and t h e launch v e h i c l e ( p a r t i c u l a r l y c o o l i n g during o r b i t t r a n s f e r ) , and i n i d e n t i f y i n g what a d d i t i o n a l i n f o r m a t i o n JPL and JSC w i l l need t o f u r n i s h before t h e RTG design can be f i n a l i z e d .
The various RTG design c h a r a c t e r i z a t i o n s must be accurate and consistent, t o permit meaningful comparisons among the d i f f e r e n t design options.
The e l e c t r i c a l , thermal, and s t r u c t u r a l analyses o f t h e RTGs are described i n companion papers presented a t t h i s conference [l, 21

BACKGROUND
The long-term goal o f the National Aeronautics and Space Administration i s t o expand human presence beyond e a r t h and i n t o t h e Solar System [3].
Mars, with i t s p o t e n t i a l f o r eventual h a b i t a b i l i t y , i s targeted f o r human e x p l o r a t i o n and c o l o n i z a t i o n .
A manned mission t o Mars must be preceded by r o b o t i c e x p l o r a t i o n o f Mars, t o b r i d g e t h e gap between the knowledge gained by t h e 1976 V i k i n g Mission and t h e knowledge required f o r a safe and e f f e c t i v e human journey t o Mars.
The J e t Propulsion Laboratory and Johnson Space Center are j o i n t l y studying such a mission, c a l l e d Mars Rover Sample Return.
That study i s focused on understanding the system requirements and generating t h e f i r s t -o r d e r system design t h a t meets these requirements [ 4 ] .
The mission r e q u i r e s o r b i t e r s , landers and a Rover i n Mars o r b i t andlor on t h e Mars surface.
RTGs have been selected as t h e primary power source f o r the surface elements o f t h e MRSR system.
They have a long and successful h i s t o r y o f space f l i g h t , and t h e i r r e l i a b i l i t y and performance have been demonstrated i n missions such as Pioneer, Viking, and Voyager [ 5 ] .
The current-generation RTGs, however, are designed for space operation and must be modified f o r Mars surface operation. The mission w i l l a l s o provide information on the Mars environment, and t e s t key technologies f o r human e x p l o r a t i o n o f the p l a n e t . The mission o b j e c t i v e s are achieved by making i n -s i t u analyses and r e t u r n i n g selected samples t o Earth f o r extensive studies.
A spectrum o f p o s s i b l e mission and system designs has been examined against the broad science requirements [6] .
These missions, which v a r i e d i n launch c o n f i g u r a t i o n , launch date, and the various elements t h a t c o n s t i t u t e the mission, have been narrowed down t o a reference mission t h a t c o n s i s t s o f f i v e system elements: an Imaging O r b i t e r ( I D ) , Communications O r b i t e r (CO), Rover, Sample Return O r b i t e r (SRD) and Mars Ascent Vehicle (MAV).
The reference MRSR mission scenario and mission time l i n e c u r r e n t l y envisioned by the p r o j e c t are summarized i n Figures 1 and 2 , r e s p e c t i v e l y .
As shown i n Figure 1 , t h e f i v e system elements w i l l be launched i n four separate launch segments.
The Imaging O r b i t e r w i l l be launched aboard a T i t a n IV/IUS i n October-November 1996, w i t h Mars a r r i v a l i n August-October o f 1997. I t w i l l map the surface o f the planet f o r landing s i t e s e l e c t i o n and Rover Traverse Planning [7] . Nominally, t h e Imaging O r b i t e r w i l l map s i t e s w i t h i n 39O south or n o r t h o f the equator.
A t o t a l o f t e n 10 x 10 km s i t e s w i l l be mapped f o r s e l e c t i o n o f the landing s i t e , and an area o f 20 x 20 km a t t h a t s i t e w i l l f u r t h e r be mapped f o r Rover Traverse planning.
The Communication O r b i t e r w i l l provide the communication l i n k between the Mars surface elements and Earth [ 7 ] . I t w i l l be launched i n November-December 1998 aboard a T i t a n I V I I U S , and w i l l be placed i n a s t a t i o n a r y o r b i t such t h a t the region between 65.7O south and n o r t h o f the equator i s covered continuously.
The Rover-toEarth l i n k i s a v a i l a b l e a t l e a s t 95% o f every Mars Sol.
The Rover element w i l l be launched aboard a T i t a n IVlCentaur i n December 1998, w i t h a r r i v a l a t Mars i n October 1999-January 2000. The Rover w i l l traverse the surface o f Mars, perform i ns i t u analyses, deploy science packages, s e l e c t samples and r e t u r n them t o the ascent v e h i c l e f o r d e l i v e r y t o Earth.
Right a f t e r a r r i v a l , t h e Rover w i l l a l s o s e l e c t a landing s i t e f o r the MAV.
The Rover design and i t s requirements are described i n more d e t a i l i n the next section.
Figure 1. MRSR Reference Mission Scenario
IMAGING ORBITER ELEMENT (IO)
The Sample Return O r b i t e r (SRO) and Mars Ascent Vehicle (MAV) w i l l be launched together onboard a T i t a n IVlCentaur i n December 1998-February 1999, w i t h a r r i v a l on Mars i n October 1999-February 2000. The SRO/MAV f l i g h t segment w i l l be aerocaptured i n t o a c i r c u l a r o r b i t around Mars [E] . A f t e r s i t e c e r t i f i c a t i o n by the Rover, the MAV w i l l descend t o the Mars surface. The MAV w i l l deploy a meterologicalgeophysical science package and c o l l e c t contingency samples from i t s l o c a l environment.
The SRO w i l l remain i n o r b i t awaiting t h e r e t u r n Rover w i l l t r a n s f e r i t s c o l l e c t e d samples t o MAV from time t o time, u n t i l MAV's ascent from Mars surface around December 2000. A f t e r l i f t o f f from Mars, MAV w i l l dock w i t h the SRO and t r a n s f e r t h e c o l l e c t e d samples t o i t .
The Earth r e t u r n v e h i c l e i s then separated from the aerocapture i n t o low-Earth o r b i t . 
MARS ROVER DESIGN
The Rover element o f the Mars Rover Sample Return mission f o r which t h e RTG study was performed i s required t o traverse more than 40 k i l o m e t e r s and c o l l e c t 100 samples from several g e o l o g i c a l l y d i s t i n c t s i t e s [9] . The Rover w i l l be equipped with semi-autonomous n a v i g a t i o n c a p a b i l i t y , which means i t can compare i t s surroundings w i t h a stored map o f the o r b i t a l view obtained by t h e Imaging O r b i t e r , and p l a n and execute a l o c a l path toward a designated p o i n t .
This autonomy g r e a t l y increases the Rover's range, since i t reduces the need f o r frequent commands from Earth. T h e o r e t i c a l l y , the Rover can go several k i l o m e t e r s without r e q u i r i n g i n t e r v e n t i o n from Earth. A p o s s i b l e Rover m o b i l i t y system i s a s i xwheeled pantograph, with one-meter wheels t h a t can move across rough t e r r a i n .
The Rover i s f u r t h e r equipped w i t h an imaging camera, m u l t i s p e c t r a l imaging f o r science and navigation, o p t i c a l microscope, spectrometers (alpha, proton, neutron, x-ray), electromagnetic sounders, gas analyzer, and d i f f e r e n t i a l scanning calorimeter. The sample a c q u i s i t i o n by t h e Rover w i l l be accomplished i n several stages:
remote sample c h a r a c t e r i z a t i o n , l o c a t i o n and designation o f i n t e r e s t i n g samples, p o s i t i o n i n g and manipulation o f t h e Rover t o acquire t h e sample, and preserving the samples f o r r e t u r n t o the MAV.
The Rover w i l l r e t u r n with samples t o the MAV several times, where each time the distance t r a v e l e d w i l l expand as t h e confidence i n t h e Rover i s increased.
A t y p i c a l a c t i v i t y p a t t e r n i s depicted i n Figure 3 , and t h e Rover power requirements f o r a t y p i c a l 1000-minute p e r i o d are i l l u s t r a t e d i n Figure 4 [lo]. 
RTG REQUIREMENTS
The MRSR mission c a l l s f o r the Rover t o operate f o r four years a f t e r launch. The launch i s assumed t o occur three years a f t e r f u e l encapsulation, and t o be preceded by one year o f full-temperature operation o f the thermoelectric converters. Thus, by the end o f the mission the RTG's f u e l w i l l have decayed f o r seven years, and i t s converters w i l l have operated and degraded a t f u l l temperature f o r f i v e years. Figure 4 , the Rover has an average power requirement o f 500 watts, w i t h peak power demands o f over one k i l o w a t t when the Rover i s c l i m b i n g a slope or i n the process o f sample a c q u i s i t i o n .
As i l l u s t r a t e d i n
The RTGs w i l l be designed t o provide continuous power w i t h an output o f 500 watts a t the end o f mission, and these w i l l be supplemented by rechargeable b a t t e r i e s f o r meeting the peaks o f higher power demand.
The high-power-density b a t t e r i e s w i l l be recharged by the RTGs during the i d l e mode o f the Rover.
Figure 5. llustrative Rover Design with Four 125-Watt RTGs
The number and l o c a t i o n o f RTGs on t h e Rover i s very c r i t i c a l and r e q u i r e t r a d e -o f f a n a l y s i s . The Rover designers p r e f e r several small RTGs d i s t r i b u t e d around the v e h i c l e . This arrangement helps i n the load d i s t r i b u t i o n and also f a c i l i t a t e s use o f the RTGs' waste heat f o r thermal management o f the Rover body and e l e c t r o n i c s bays.
Also, shorter RTGs are l e s s l i k e l y t o block other Rover instruments and/or antennas. On the other hand, longer RTGs o f f e r a higher s p e c i f i c power, because o f decreased end losses and weights. They also are l e s s l i k e l y t o obscure the view o f each o t h e r ' s r a d i a t o r s t o space.
A t present, two concepts f o r i n t e g r a t i n g the RTGs w i t h the Rover are undergoing evaluation, one employing two 250-watt RTGs, and one employing four 125-watt RTGs mounted on top o f the Rover.
The l a t t e r i n t e g r a t i o n scheme i s i l l u s t r a t e d i n Figure 5 .
RTG ENVIRONMENT
Both the Rover and Mars environments present new challenges t o the RTG designer. Previous RTGs (MHW, GPHS) were designed p r i m a r i l y f o r operation i n microgravity and i n a h i g h vacuum a f t e r launch.
The Rover and Mars environments are more d i f f i c u l t , mechanical 1 y , thermally, and atmospherically.
From the dynamic-environment p o i n t o f view, the Rover RTG has t o withstand launch, e n t r y , landing, and traverse loads t h a t occur a t d i f f e r e n t times i n the l i f e o f the mission. These loads cannot be accurately determined u n t i l the spacecraft and Rover s t r u c t u r e s are b e t t e r defined.
I n the absence o f such d e f i n i t i o n , the RTG design study was based on 3-axis design loads o f 25 G during Earth launch and 15 G during and a f t e r Mars landing, f o r the d u r a t i o n o f the Mission.
The Rover RTG a l s o has t o operate i n a temperature environment t h a t v a r i e s much more than t h a t seen by most previous RTGs. During e n t r y i n t o the Martian atmosphere, t h e Rovermounted RTGs are enclosed i n a p r o t e c t i v e aeroshell, as i l l u s t r a t e d i n Figure 6 . Therefore,
Figure 6. Rover with RTGs and Lander Enclosed in Aeroshell
during Earth launch and c r u i s e t o Mars, the RTGs r e q u i r e an a u x i l i a r y c o o l i n g loop t o t r a n s f e r t h e i r waste heat t o r a d i a t o r s .
During Mars operation, when the RTGs are cooled by r a d i a t i o n , d i u r n a l and seasonal temperature f l u c t u a t i o n s cause t h e i r e f f e c t i v e s i n k temperature t o vary from a minimum o f 14OoK t o a maximum o f 300°K.
The most d i f f i c u l t problem imposed by Mars surface operations i s the presence o f an external atmosphere [U]. The thermoelectric converter elements i n the RTG are embedded i n m u l t i f o i l thermal i n s u l a t i o n , t o minimize heat losses from the h o t -h e a t source t o the cool generator housing. Thus, t h e i n s u l a t i o n forces most o f t h e heat through t h e thermoelectric legs. M u l t i f o i l i n s u l a t i o n performs w e l l i n the absence o f conducting gases, b u t degrades r a p i d l y when such gases are present.
Moreover, a t the p r o j e c t e d operating temperatures even small amounts o f some o f t h e Martian gases would r e a c t w i t h the c o n v e r t e r ' s m a t e r i a l s and degrade i t s performance.
Therefore, t h e thermoelectric converter has t o be sealed o f f from t h e Mars atmosphere and from the helium t h a t i s continuously generated by alpha decay o f the isotope f u e l .
DESIGN APPROACH
The f i r s t d e c i s i o n i s the s e l e c t i o n o f the thermoelectric m a t e r i a l s .
The basic choice i s between TAGS (Te-Ag-Ge-Sb)
and
SiGe (with o r without Gap a d d i t i v e s ) . TAGS was used on e a r l i e r missions, i n c l u d i n g t h e 1976 Viking mission t o Mars.
SiGe i s used i n a l l recent and c u r r e n t space RTGs, i n c l u d i n g LES-8/9, Voyager, G a l i l e o , Ulysses, and the more advanced Mod RTG under development by DOE.
TAGS thermoelectrics operate a t lower hotand c o l d -j u n c t i o n temperatures than SiGe.
Their h o t -j u n c t i o n temperatures are f a r below the temperature c a p a b i l i t y of c u r r e n t radioisotope heat sources. Therefore they would n o t take proper advantage o f t h a t c a p a b i l i t y . SiGe elements come much c l o s e r t o matching the heat source temperature l i m i t s .
TAGS thermoelectric elements have only been used i n spring-loaded RTGs. Such RTGs tend t o be much heavier than r a d i a t i v e l y coupled RTGs, p a r t i c u l a r l y since they use r e l a t i v e l y bulky and i n e f f i c i e n t f i b r o u s i n s u l a t i o n . By c o n t r a s t , the thermoelectric elements i n SiGe RTGs a r e heated r a d i a t i v e l y .
Thus, they do n o t contact the heat source, and no s p r i n g loading i s required. They are i n s u l a t e d w i t h l i g h t e r , more compact, and more e f f i c i e n t m u l t i f o i l i n s u l a t i o n .
Since TAGS elements operate with much lower h o t -j u n c t i o n temperatures than SiGe, they a l s o demand correspondingly lower c o l d -j u n c t i o n temperatures f o r e f f i c i e n t operation. T h i s would r e q u i r e r e l a t i v e l y l a r g e and heavy r a d i a t o r s . The lower c o l d -j u n c t i o n temperatures would be p a r t i c u l a r l y disadvantageous i n t h e present a p p l i c a t i o n , because they would make the RTG power output more s e n s i t i v e t o the l a r g e seasonal and d i u r n a l temperature f l u c t u a t i o n s on the Martian surface.
For these reasons, the Rover RTG design study i s based on t h e use o f SiGe r a t h e r than TAGS elements.
To minimize t h e need f o r new developments and a l l o w t h e use o f e x i s t i n g f a b r i c a t i o n drawings and t e s t f i x t u r e s , t h e i n i t i a l design s t u d i e s were conservatively based on: standard General Purpose Heat Source modules, which have been developed and safety-qual i f i e d f o r the G a l i l e o mission; standard-size unicouples, developed and extensively l i f e t e s t e d f o r the Voyager and G a l i l e o missions; standard-size multicouples, l i f e t e s t e d i n
DOE'S
Mod-RTG program; and thermoelectric performance parameters and degradation r a t e s t h a t have been demonstrated i n extended t e s t s o f SiGe unicouples and SiGe/GaP multicouples.
HEAT SOURCE DOE has spent approximately t e n years and $40-50M on t h e development [12] and s a f e t y q u a l i f i c a t i o n [13] o f the General Purpose Heat Source (GPHS), f a r i n i t i a l deployment on t h e G a l i l e o and Ulysses space e x p l o r a t i o n missions. As a r e s u l t o f t h a t e f f o r t , t h i s heat source i s extremely w e l l characterized, much more so than radioisotope heat sources used on previous space missions.
The heat source i s modular, and a sectioned view o f a standard 250-watt module i s shown i n Figure 7 .
Each GPHS module contains passive s a f e t y p r o v i s i o n s against f u e l release f o r a l l c r e d i b l e accident conditions.
As sh wn, each module contains four i r i d i u m -c l a d Pu2Q802 f u e l capsules surrounded by g r a p h i t i c components, i n c l u d i n g an aeroshell designed t o withstand r e e n t r y a b l a t i o n , a thermal i n s u l a t o r t o avoid excessively h i g h c l a d temperatures during t h e r e e n t r y heat pulse and excessively low c l a d temperatures a t e a r t h impact, and an impact s h e l l t o h e l p absorb impact energy and reduce f u e l capsule deformation d u r i n g e a r t h impact. The heat c o l l e c t o r , approximately 2 " square, i s made o f g r a p h i t e . I n c o n t r a s t t o the unicouple, the m u l t i c o u p l e ' s mounting stud and power leads penetrate through the RTG housing, and e l e c t r i c a l connections between multicouples are made on the outside of the housing. As w i l l be seen, these d i f f e r e n c e s a f f e c t the Rover RTG design .
RTG DESIGN OPTIONS
I n i t i a l RTG designs were conservatively based on standard unicouples and multicouples, using demonstrated thermoelectric performance l e v e l s and degradation r a t e s .
The standard unicouples and multicouples are the only SiGe TE elements f o r which an extensive experimental data base e x i s t s . Large assemblies o f SiGe unicouples have been used i n RTGs f o r a number o f f l i g h t missions (LES 8 / 9 , Voyager, G a l i l e o , Ulysses), and have demonstrated s t a b l e performance w i t h moderate and p r e d i c t a b l e degradation r a t e s f o r periods i n excess o f 100,000 hours.
Multicouples operatin3 a t the required hotj u n c t i o n temperature (1000 C) have a much smaller data base.
Their development was i n i t i a t e d i n the l a t e 1970s [14], t h e i r present design was defined i n 1983 [15], and t h e i r most successful t e s t t o date ( o f an assembly o f e i g h t multicouples) was a 6000-hour run a t F a i r c h i l d completed i n December 1988, when i t was temporarily i n t e r r u p t e d f o r a planned m o d i f i c a t i o n o f the t e s t f i x t u r e and f o r withdrawal o f three o f the multicouples f o r d e s t r u c t i v e examination..
Ouring the 6000-hour t e s t , the s i x multicouples t h a t operated w i t h a p o s i t i v e b i a s w i t h respect t o the RTG housing e x h i b i t e d very s t a b l e performance, b u t the two multicouples t h a t were n e g a t i v e l y biased e x h i b i t e d unacceptable degradation r a t e s .
This negative-bias problem had been f i r s t i d e n t i f i e d by F a i r c h i l d t e s t s more than two years e a r l i e r .
Although GE has been working d i l i g e n t l y t o solve the problem, the s o l u t i o n i s n o t y e t i n hand. U n t i l i t i s , they can only be used i f a l l multicouples i n the RTG are p o s i t i v e l y biased.
Fortunately, the RTG can be configured t o achieve t h a t condition, a l b e i t a t some mass p e n a l t y .
Beyond the standard unicouple and multicouple, a number o f RTG designs based on more advanced thermoelectric elements were a l s o defined and analyzed.
The postulated advances were i n element geometry and/or i n material performance.
They ranged from r e l a t i v e l y minor changes t o major advances. For the most advanced option, there i s no experimental basis nor c l e a r development pathway.
I t was included i n the study t o d e f i n e t h e possible performance b e n e f i t s i f t h e postulated advances were i n f a c t achieved.
D e t a i l e d d e s c r i p t i o n s o f the advanced design options
and the r e s u l t a n t performance improvements are presented i n the next paper [l] i n these proceedings. This summarizes and discusses the r e s u l t s o f the thermal, thermoelectric, and e l e c t r i c a l analyses of the various design options.
The present paper deals p r i m a r i l y with the basic design approach, which i s t h e same f o r a l l o f the design options. Thus, t h e two basic designs described i n t h i s paper apply t o a l l options o f i n t e r e s t .
KEY DESIGN PROBLEM
The key problem i n designing an RTG f o r Mars i s the need t o vent the helium generated by the f u e l ' s alpha decay t o the outside w i t h o u t a l l o w i n g the Martian atmosphere t o enter i n t o and b u i l d up harmful q u a n t i t i e s w i t h i n the RTG. I n the 1976 V i k i n g mission t o Mars, the 35-watt RTGs used f i b r o u s i n s u l a t i o n , which i s much l e s s e f f e c t i v e than m u l t i f o i l and leads t o a s u b s t a n t i a l l y higher system mass.
However, the more e f f i c i e n t and compact m u l t i f o i l i n s u l a t i o n used i n the present study i s only e f f e c t i v e i n a good vacuum (<1 t o r r ) .
But the e x i s t i n g GPHS-RTG and Mod-RTG both use a l a r g e number o f metal Cr i n g seals.
Such seals are adequate f o r r e t a i n i n g the i n e r t cover gas during t h e s h o r t launch period, b u t n o t f o r preventing i n t r u s i o n o f the Martian atmosphere during extended Mars operations.
To prevent helium pressure buildup i n s i d e t h e RTG above 1 t o r r , the use o f a s e l e c t i v e vent has been considered. But t o maintain an i n t e r n a l helium pressure o f l e s s than one t o r r , such a vent would have t o have a very low flow resistance.
However, a low-flow-resistance vent would a l l o w appreciable back d i f f u s i o n o f Martian gases i n t o t h e RTG.
This would be unacceptable unless these Martian gases were e f f e c t i v e l y g e t t e r e d as soon as they entered the RTG.
Even small q u a n t
i t i e s o f Martian gases (CO?, CO, 02) would r e s u l t i n d e l e t e r i o u s r e a c t i o n w i t h the RTG m a t e r i a l s .
Since the system o f s e l e c t i v e vent and e f f e c t i v e g e t t e r has n o t y e t been demonstrated, t h e present study i s based on RTG designs with an evacuated annular converter, sealed o f f from t h e both t h e i n t e r n a l helium and t h e external Mars atmosphere, as i l l u s t r a t e d i n the next f i g u r e . 
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I n Figures 10 and 1 1 two d i f f e r e n t shading p a t t e r n s are used t o designate t h e helium volume i n s i d e t h e heat source c a n i s t e r and the Martian atmosphere outside the RTG housing. The i n t e r v e n i n g annular converter i s evacuated, and i s separated from t h e helium by t h e heat source c a n i s t e r and from t h e Martian atmosphere by t h e RTG housing. The unicouples i n the baseline RTG are embedded i n a 0.8Il-thick layer o f thermal i n s u l a t i o n , c o n s i s t i n g of 60 a l t e r n a t i n g l a y e r s o f 0.0003°1-thick molybdenum f o i l and quartz c l o t h .
This type o f i n s u l a t i o n , which was used i n the MHW and G a l i l e o RTGs, i s considerably heavier than m u l t i f o i l i n s u l a t i o n with z i r c o n i ap a r t i c l e spacers used i n the Mod-RTG.
As i n the G a l i l e o RTG, there are e i g h t r a d i a t o r f i n s and each f i n contains an a u x i l i a r y c o o l i n g tube.
The a u x i l i a r y coolant i s used t o c o n t r o l t h e RTG housing temperature during launch and during t r a n s i t t o Mars, while the RTG i s enclosed i n the aeroshell t h a t p r o t e c t s the Rover and lander during t h e i r e n t r y i n t o the Martian atmosphere.
A f t e r e n t r y , the aeroshell i s j e t t i s o n e d , These dimensions are merely i l l u s t r a t i v e . The optimum f i n dimensions w i l l be determined by a d e t a i l e d r a d i a t o r design o p t i m i z a t i o n , described i n companion papers [l, 21 i n these proceedings. Figure 11 shows the s e r i e s connections between t h e unicouples and the RTG terminals a t the bottom o f the converter.
As shown, the RTG requires b i m e t a l l i c j o i n t s from aluminum t o s t a i n l e s s s t e e l and t o Kovar. Such b i m e t a l l i c j o i n t s have been formed by explosive bonding, and have undergone extensive thermal-cycling t e s t s . Their small diameter should enhance t h e i r r e l i a b i l i t y .
The Kovar-alumina-Kovar metalceramic seals form the feedthroughs f o r the e l e c t r i c a l terminals. Figure 1 1 a l s o depicts the vent tube and V i t o n seal through which t h e helium from the c a n i s t e r i s vented t o the Martian atmosphere.
As mentioned e a r l i e r , the baseline RTG has 36 r i n g s o f 16 unicouples, or a t o t a l o f 576 unicouples. The 576 couples are connected i n two i d e n t i c a l (180-degree) s e r i e s -p a r a l l e l networks, as i l l u s t r a t e d i n Figure 12 . There are 144 couples i n s e r i e s , t o generate the desired 30-volt output.
The couples i n each network are parallel-connected i n groups o f two, t o enable the RTG t o continue operation i n case o f s i n g l ep o i n t f a i l u r e s .
A l t e r n a t i v e l y , the 576 couples could be connected i n a s i n g l e 144 x 4 seriesp a r a l l e l network f o r even higher r e l i a b i l i t y .
Figure 12. Schematic Circuit Diagram of Baseline RTG
HEAT SOURCE SUPPORT STRUCTURE
One o f the most c r i t i c a l issues i n designing an RTG w i t h stacked heat source modules i s the scheme f o r supporting t h a t stack.
The modules must stay together during transverse G-loads. But f o r s a f e t y reasons, i t i s desired t h a t the modules separate during reentry, t o o b t a i n a low impact v e l o c i t y . The method o f achieving t h i s i n the Rover RTG i s i l l u s t r a t e d i n Figure 10 and 11.
The heat source stack i s only supported a t i t s ends, and a l a r g e (5500-lb) a x i a l preload i s required t o h o l d the stack together during launch under the assumed 25-G transverse load.
The a x i a l preload i s applied d i r e c t l y t o the ends of the stack, v i a the c a n i s t e r ' s end caps. The c a n i s t e r ' s s i d e w a l l p l a y s no s t r u c t u r a l r o l e ; i t i s merely a helium container, and i s t h i n enough t o burn o f f during r e e n t r y .
The l a t e r a l support and a x i a l preload force on the heat source i s applied a t each end o f the c a n i s t e r by a s e t o f four low-conductance Inconel studs and z i r c o n i a i n s u l a t o r s , s i m i l a r t o those used i n the G a l i l e o RTG.
Two o f the e i g h t studs are v i s i b l e i n the diagonal cross-section, a t the r i g h t o f Figure 11 . As shown i n Figure 10 , each o f the c a n i s t e r ' s end caps contains an i n t e g r a l square s t r u c t u r e . These serve t o s t i f f e n the end caps and t o spread the a x i a l load from the four support studs t o t h e four edges o f t h e heat source stack. Figure 11 , t h e square load-spreading s t r u c t u r e employs four 1"-high s t i f f e n i n g r i b s .
As i n d i c a t e d i n t h e l e f t h a l f o f
The tops o f t h e four studs are b o l t e d t o a t i t a n i u m load r i n g , which i s l a t e r a l l y supported and a x i a l l y loaded by a s e t o f three nested B e l l e v i l l e springs made o f 0.2"-thick t i t a n i u m .
Three springs are used i n order t o generate the required preload w i t h o u t exceeding the allowable s t r e s s i n t h e springs. The 1.0. o f t h e bottom s p r i n g bears against t h e load r i n g , and t h e 0.0. o f t h e t o p s p r i n g bears against a t i t a n i u m s e t r i n g t h a t i s threaded t o t h e 1.0. o f t h e aluminum housing. A f t e r t h e load i s s e t , r o t a t i o n o f t h e s e t r i n g i s prevented by p i n s p r o t r u d i n g from the RTG's aluminum cover.
That cover serves only as a pressure dome, and has no other s t r u c t u r a l f u n c t i o n .
The support s t r u c t u r e a t the bottom o f the heat source stack uses an i d e n t i c a l s e t of Inconel studs and z i r c o n i a i n s u l a t o r s . But there are no springs, and the studs are mounted d i r e c t l y on the RTG's aluminum base p l a t e .
The base p l a t e employs l l l -h i g h r a d i a l and c i r c u m f e r e n t i a l r i b s t o supply t h e required s t i f f n e s s .
C l e a r l y , t h e heat source stack i s u l t i m a t e l y h e l d together by t h e RTG's low-melting aluminum housing. When t h a t housing and the t h i n c a n i s t e r burn away d u r i n g reentry, t h e heat source modules are f r e e t o disperse and impact i n d i v i d u a l l y .
The B e l l e v i l l e springs must supply s u f f i c i e n t f o r c e t o enable the heat source stack t o withstand the l a t e r a l G-loads during launch w h i l e t h e RTG f i n s are water-cooled.
Once the Rover aeroshell i s discarded a f t e r e n t r y i n t o the Martian atmosphere, the RTG i s cooled r a d i a t i v e l y f o r t h e balance o f the mission.
When changing from water-cooling t o r a d i a t i o n cooling, the RTG housing temperature r i s e s about 100°C (on a summer day). This causes a d i f f e r e n t i a l growth o f about O.lOO1l i n t h e l e n g t h o f t h e high-expansion aluminum housing r e l a t i v e t o t h e low-expansion g r a p h i t e heat source stack, with a corresponding increase i n the B e l l e v i l l e s p r i n g l e n g t h and drop i n s p r i n g force. I n RTGs f o r other missions, t h e magnitude o f t h e s p r i n g f o r c e i s only important b r i e f l y d u r i n g launch. I n the case o f the Rover RTG, the springs must s t i l l provide s u f f i c i e n t f o r c e a f t e r r e l a x a t i o n t o h o l d t h e heat source together during Mars traverses f o r the balance o f the mission.
The l e f t h a l f o f Figure 1 1 d e p i c t s the water-cooled RTG d u r i n g launch and t r a n s i t t o Mars, assuming a w a l l temperature o f 100°C f o r the a u x i l i a r y coolant tubes.
The r i g h t h a l f o f t h e f i g u r e d e p i c t s the r a d i a t i v e l y cooled RTG on a h o t Martian day. The top o f the f i g u r e d e p i c t s the d i f f e r e n t i a l thermal growth and the r e s u l t a n t s p r i n g r e l a x a t i o n .
The springs were designed t o provide the a x i a l forces required t o r e s i s t l a t e r a l loads o f 25 G during launch and 15 G on Mars.
MULTICOUPLE RTG
Horizontal and v e r t i c a l cross-sections o f an RTG employing standard-size multicouples are shown i n Figures 13 and 14 . The multicouple-RTG design depicted i n those f i g u r e are generally s i m i l a r t o the unicouple-RTG design shown i n the analogous Figures 10 and 11 , and o n l y t h e s i g n i f i c a n t differences w i l l be mentioned. As i n the Mod-RTG, there are e i g h t multicouples per h o r i z o n t a l r i n g , and only one multicouple r i n g per heat source module.
For a 250-watt(e) power output, the RTG has 16 heat source modules. Thus, there are 128 multicouples per RTG, or 22% as many TE u n i t s as i n the unicouple RTG.
I n the Mod-RTG the multicouple mounting holes are sealed by conical metal f e r r u l e s , b u t these would be inadequate f o r preventing i n f l o w o f the Martian atmosphere during long-term operations on Mars. Therefore, the b o l t holes i n the present design are h e r m e t i c a l l y sealed by e i g h t s e m i -c y l i n d r i c a l aluminum seal covers welded t o the aluminum housing hubs.
I n the standard multicouple design, the leads pass through the housing w a l l , and are series-connected on the outside.
To preserve h e r m e t i c i t y i n the present RTG design, the s e r i e s leads are passed back t o the i n s i d e o f the housing v i a i n s u l a t e d studs, f o r i n t e r n a l s e r i e s connections between the e i g h t multicouples i n each r i n g .
As i n the Mod RTG, the e i g h t multicouples are embedded i n a 0.3'I-thick layer o f thermal i n s u l a t i o n , c o n s i s t i n g o f 60 layers o f 0.0003"-thick molybdenum f o i l s , separated from each other by z i r c o n i a spacer p a r t i c l e s . This type o f i n s u l a t i o n i s not only l i g h t e r than the standard unicouple i n s u l a t i o n , but i t s lower thickness a l s o leads t o s i g n i f i c a n t weight saving due t o the consequent reduction (from 9" t o 7 . 5 " ) i n housing diameter.
The o p t i o n shown i n Figure 13 has four r a d i a t o r f i n s . The a l t e r n a t i v e o f e i g h t f i n s was a l s o analyzed.
The a n a l y t i c a l r e s u l t s showed t h a t the 8 -f i n o p t i o n y i e l d s a higher s p e c i f i c power.
The s e r i e s connections between thermoelectric elements are h o r i z o n t a l rather than v e r t i c a l .
The multicouple RTG design i s modular [l;id because each h o r i z o n t a l r i n g produces desired RTG voltage (30V). Multicouples have operated s t a b l y f o r 6000 hours, before t h e t e s t s was i n t e r r u p t e d f o r f i x t u r e m o d i f i c a t i o n .
But s t a b l e operation was only achieved when t h e multicouples were a t a p o s i t i v e b i a s with respect t o the RTG housing. Therefore, the Rover RTG i s designed f o r p o s i t i v e b i a s operation o f a l l multicouples.
To avoid the p o s s i b i l i t y o f s i n g l e -p o i n t f a i l u r e s , t h i s requires t h a t the leads from each o f the s i x t e e n c u r r e n t loops be separately brought out t o the power c o n d i t i o n i n g u n i t through a m u l t i p i n terminal, as shown a t the r i g h t o f Figures 13 and 14.
SUMMARY AND CONCLUSIONS
The c u r r e n t m u l t i f o i l -i n s u l a t e d GPHS-RTG and Mod-RTG designs can be modified t o operate i n an environment with an external atmosphere ( e . g . , Mars).
This can be done while the helium generated by the f u e l ' s alpha decay i s vented t o the external atmosphere.
The use o f novel s e l e c t i v e vents and high-capacity g e t t e r s i s n o t required.
The Rover RTGs can be b u i l t from standard and proven GPHS modules and standard SiGe unicouples or SiGe/GaP multicouples, using demonstrated thermoelectric material performance parameters. Rover's 500-watt power requirement can be s a t i s f i e d w i t h two 250-watt or four 125-watt RTGs, whose sizes are compatible w i t h c u r r e n t l y envisaged Rover designs.
An a u x i l i a r y c o o l i n g loop ( e . g . , water and a n t i f r e e z e ) w i l l be required t o cool the RTG while i t i s w i t h i n the Rover's aeroshell during launch and t r a n s i t t o Mars.
As i n present RTGs, the modular heat source stack i n the Rover RTG i s held together by a x i a l load springs. The Rover RTGs do not r e q u i r e midspan supports.
The B e l l e v i l l e load springs are designed t o h o l d the heat source together i n the water-cooled RTG under 25-G loads during Earth launch and Mars e n t r y , and i n the r a d i a t i o ncooled R I G under 15-G loads during subsequent Mars operations.
Basic designs have been prepared f o r both unicouple RTGs and multicouple RTGs.
These designs apply both t o c u r r e n t TE elements and t o elements o f advanced designs and m a t e r i a l s . 0 The 250-watt baseline RTG has a length o f 45.9 inches, and the 125-watt u n i t has a l e n g t h o f 41.6 inches. E i t h e r length appears t o be compatible with c u r r e n t l y envisaged Rover designs.
0 A 250-watt RTG using standard multicouples i s 23% l i g h t e r , 9.4% s h o r t e r , 7% more e f f i c i e n t , and has a 23% higher s p e c i f i c power than the baseline RTG using standard unicouples.
. 
